The beam-beam effects have been the dominating sources of beam loss and lifetime limitations in the Tevatron proton-antiproton collider [1] . Electron lenses were originally proposed for compensation of electromagnetic long-range and head-on beam-beam interactions of proton and antiproton beams [2] . Results of successful employment of two electron lenses built and installed in the Tevatron are reported in [3, 4, 5] . In this paper we present design features of the Tevatron electron lenses (TELs), discuss the generation of electron beams, describe different modes of operation and outline the technical parameters of various subsystems.
Introduction
Fermilab's Tevatron is currently the world's highest energy accelerator in which tightly focused beams of 980 GeV protons and antiprotons collide at two dedicated interaction points (IPs). Both beams share the same beam pipe and magnet aperture and, in order to avoid multiple detrimental head-on collisions, the beams are placed on separated orbits everywhere except the main IPs by using high-voltage (HV) electrostatic separators. The electromagnetic beam-beam interaction at the main IPs together with the long-range interactions between separated beams adversely affect the collider performance, reducing the luminosity integral per store (period of continuous collisions) by 10-30%. Tuning the collider operation for optimal performance becomes more and more cumbersome as the beam intensities and luminosity increase. The long-range effects which (besides being nonlinear) vary from bunch to bunch are particularly hard to mitigate. A comprehensive review of the beam-beam effects in the Tevatron Collider Run II can be found in Ref. [1] .
Electron lenses were proposed for compensation of the beam-beam effects in the Tevatron [2] . An electron lens employs space-charge forces of a low-energy beam of electrons that collides with the high-energy bunches over an extended length L e . The lens can be used for linear and nonlinear beam-beam force compensation depending on electron current-density distribution j e (r) and the ratio of the electron beam radius a e to the rms size  of the high-energy beam at the location of the lens. The electron current profile (and thus the radial dependence of electric and magnetic forces due to electron space charge) can be easily changed for different applications. The electron beam current can be adjusted between individual bunches, equalizing the bunch-to-bunch differences and optimizing the performance of all bunches in a multi-bunch collider.
A shift of the betatron frequency (tune) of high-energy particles due to EM interaction with electrons is a commonly used "figure of merit" for an electron lens. A perfectly steered round electron beam with current density distribution j e (r), will shift the betatron tunes Q x,y of highenergy (anti-)protons by [2] : If the electron beam is wider than the (anti)proton beam, then all of the high-energy particles acquire the same dQ x,y . The factor 1 e reflects the fact that the contribution of the magnetic force is  e times the electric force contribution, and its sign depends on the direction of the electron beam (in this case, both Tevatron Electron Lenses (TELs) direct the beam against the antiproton flow, which corresponds to 1+ e and maximizes the tuneshift). Both TELs operate with only a few Amperes of electron current at up to 10keV electron energy and can shift the betatron tune by as much as dQ x,y max 0.008 [4] .
Two Tevatron Electron Lenses (TELs) were built and installed in two different locations of the Tevatron ring, A11 and F48. Figure 1 depicts the general layout of the TEL-1 and TEL-2. The electron beam is generated by a thermionic gun immersed in the solenoidal magnetic field.
Strongly magnetized electrons are accelerated to the kinetic energy of 5-10 kV and follow the magnetic field lines into the main superconducting solenoid where the interaction with high energy proton/antiproton bunches occures. While the high energy particles continue on (along) the Tevatron orbit, the low energy electrons exiting the main solenoid are guided into the collector and are not being recirculated (reused). A list of the TEL and relevant Tevatron parameters is given in Table 1 . Both lenses were successfully tested and used in two regimes of operation -a) for compensation of beam-beam effects [3, 4] and b) for removal of uncaptured particles from the abort gaps between the bunch trains [5] . Three conditions were found to be crucial for successful operation of the electrons lenses [4] : 1) the electron beam must be transversely centered on the proton (antiproton) bunches, within 0.2-0.5 mm, along the entire interaction length; b) fluctuations in the electron current need to be less than one percent, and the timing jitter within one nanosecond, in order to minimize emittance growth of the high-energy beams; and c) the transverse profile of the current density should have specific shape, depending of application, e.g.
a distribution featuring a flat-top and smooth edges is needed for compensation of long-range beam-beam effects. (bottom) General layout of the TEL-2 installed at A11 location, top view.
In this paper, we present main design features of the Tevatron Electron Lenses, describe in detail major subsystems and discuss the experience with the lenses in the Tevatron.
Magnetic and cryogenic systems
The main requirements for the TEL magnetic system have been formulated in Ref. [2] .
Electron beam needs to be strongly magnetized at every point of its path from cathode to collector in order to: a) keep the beam stable against its own space charge forces, b) not be disturbed by electromagnetic forces of (anti)proton bunches passing though it, and c) be rigid enough and not cause any coherent instabilities in the Tevatron high-energy beams. Besides being used for the transport of electrons from the cathode to the collector, the magnetic system must be capable of 
Main SC and conventional solenoids
The transverse cross section of the main TEL solenoid is shown in Fig.2 There is a small design difference between the gun and collector solenoids -the collector solenoid has an additional iron plate on its back end, which reduces the field strength outside the solenoid (in the region of the collector itself). Electron beam shape and position correctors are set inside each of the conventional solenoids. The corrector consists of four coils, which can be commutated either as a quadrupole or as two dipoles (vertical and horizontal). Each coil has layer shape geometry with 0.74  inner and 40.04  outer angles, 11.2-cm inner radius and 0.9-cm thickness. The length of coil is equal to 30 cm. The coils were wound by 1-mm diameter copper wire and have 620 turns each. In dipole configuration the field is equal to 19 G/A; the quadrupole field is equal to 6 G/cm/A.
Maximum current in these coils does not exceed 5A. In routine operation, we rarely employed these corrector coils in the gun and collector solenoids. Axes of the gun and collector solenoids in TEL-1 are perpendicular to the axis of main SC solenoid. Operational experience with such a configuration has shown that the electron beam transmission can be assured only within the limited range of the main solenoid field to gun and collector solenoid field ratio B main /B gun 10-20 [9] . Beyond this range, the electron beam did not fit the aperture of the electrodes in the bending section of the TEL-1. In addition, there was a significant -several mm -vertical drift of the electron beam due to B×B effect in the bending section, which scales as :
where z is the coordinate along the electron trajectory, U e is the electron beam kinetic energy, B(z) and R(z) are the magnetic field and the magnetic field line curvature radius. The second electron lens (TEL-2) was designed to significantly increase both B(z) and R(z) in the bending sections, reduce the drift dy(z) 4-5 fold and allow wider range of the ratios B main /B gun . For that, axes of the gun and collector solenoids (identical to those in TEL-1) were set at 57 with respect to the main solenoid axis and three additional short solenoids were added in each bending section, as shown in Fig.3 . Each of the three new coils generated about 420 G of magnetic field in its center. All the coils were powered in series with the gun or collector solenoids. As the result, the minimum magnetic field in the bending section has been increased from 800 G to 1300-1800 G for the typical field configuration . 
Corrector magnets
The TEL's ability to adjust electron trajectory inside the main solenoid to the straight line of Since the former is a uniform field pointing transversely and the latter is a uniform field pointing longitudinally, the net result is a field that points at an angle represented by the sum of the two vectors. The electron beam, following the field lines, tracks the resultant field. Beyond the region of the corrector, the field lines and the electron beam again point longitudinally, but from this new position. The total horizontal deflection dx can be derived from: 
Cryogenics and quench protection
All the superconducting coils of the main solenoid are immersed in a liquid helium bath, and the total weight of this cold mass is 1350kg. Due to hysteresis effects and eddy currents in steel, a small amount of heat is generated whenever the current in the superconductor is changed, that limits the maximum current ramp rate to 10A/s. In practice, the main solenoid is rarely powered up or down, but usual ramp rates lie under 4A/sec. Total static heat load onto the helium vessel is 12 W and 25 W onto the nitrogen thermal shield of the cryostat. TEL cryostat is a part of the Tevatron magnet string cooling system which delivers 24 g/s of liquid helium. The magnet temperature margin equals 0.6 K at helium temperature of 4.6 K.
On a rare occasion, the TEL main solenoid has quenched, either on its own or in response to other
Tevatron SC magnets quenching first. Since the number of times this has happened is extremely small, it is not considered a liability to the performance of the TEL or the Tevatron. Nevertheless, quench protection is an important subsystem of the TEL, as the main solenoid can contain up to 1MJ of energy when it reaches its maximum rating of 6.5T, and that energy is released over a mere two seconds when the solenoid is quenching. The current in each SC magnet loops through external power supplies, allowing external quench detection circuits and loads to absorb most of that energy.
Simulations of quenches suggests that roughly 90% of the total energy can be dissipated in external resistive loads, with the remaining 10% being dissipated in the solenoid itself. In these simulations, the temperature of the hottest point in the coil rises to about 270K.
The dipole correctors only contain up to 1.3kJ of energy, and dissipating this energy within the magnet is not worrisome. However, heat in one region could cause a quench in the main solenoid.
Therefore, the correctors are also connected to quench protection circuits and loads.
Each monitor was originally designed to observe the voltage across its magnet and the timederivative of the current, which were compared to an assigned limiting voltage :
where L magnet is the inductance of the magnet. If the difference exceeds V limit =1 V , the magnet is assumed to have begun to quench, a signal is sent to high current IGBT switches to disconnect the coil from the power supply and allow to dump the coil current into the resistive load. Mechanical current breakers are installed in series with the solid state switches for redundancy. However, the inductance of a large 0.5 H solenoid is typically not constant at low frequencies (1-10 Hz), due to iron-saturation effects and eddy currents. The overly simplified model expressed in Eq.(4) led to occasional false quench detections. A more sophisticated model using higher-order effects of both V(t) and I(t) was adopted for operation. The quench protection monitor now tests the relation,
The addition of extra terms in Eq.(5) offers the ability to better mimic the physical behavior of the magnets over a range of frequencies that has dramatically decreased the number of false quench detections.
The power supplies for each of the solenoids and correctors need to be able to sustain each magnet's full current. The main solenoid in normal operation requires a full kilo-Ampere; large MCM500 cables carry this current over some 60 meters from the power supply (located in an above ground gallery) to the solenoid itself located in the Tevatron tunnel. The short dipole correctors employ 200-A supplies, while the long correctors use 50-A supplies. Since the correctors might need to be energized in either direction, each supply is fed through a reversing-switch box. This box is able to swap the leads, effectively turning the unipolar supplies into bipolar supplies.
The current ramp rates for each of the superconducting magnets are limited, and all of the settings are done remotely through computer control. The reversing-switch circuits automatically handle ramping the current through zero and switching polarity properly. With this feature, scanning the electron beam transversely becomes straightforward.
Straightness of field lines
If there is any significant deviation of the magnetic field lines from a straight line of (anti)proton trajectory, then the electron beam, which follows the field lines, would not interact properly with the (antiproton) bunches. Both initial design considerations [2] and operational experience [3, 4] emphasize the need of the solenoid field straightness within 0.2 mm, that is a small fraction of the (anti)proton rms beam size =0.5-0.7 mm and the electron beam radius a e =1.5-2 mm in the TEL.
The electron lens magnets were designed and built to be straight and uniform within the specification that was later confirmed in special measurements of the magnetic field lines.
The measurement technique is illustrated in Fig.6 . A small iron rod was centered in a non-magnetic gimbal equipped with low friction sapphire bearings and mounted on a small cart. The cart was dragged through the solenoid, and the solenoid field magnetized the rod, which aligns itself along the field lines (a magnetized ferromagnet feels a torque M×B attempting to align it along the field lines). A small mirror that was attached perpendicularly to the rod (actually surrounding the rod) reflected a laser beam from one end of the solenoid back down the same direction. The reflected laser beam (returning at twice the angle of the magnetic rod) struck a two-dimensional lightposition sensitive detector (PSD). This large PSD was read out by the processing electronics that directly reports the XY coordinates of the incident light spot. In this manner, minute angles 
Electron beam system
Following Eq.(1), electron current densities of the order of j e =50 A/ cm 2 in a 10kV electron beam are required in order to shift the tune of 980 GeV (anti)protons by dQ=0.01 (assuming a 2 meter long electron lens at the location with  x,y =100m). Below we describe electron guns and collectors that have been developed to generate and collect the TEL electron beam.
Electron guns
Magnetic system of the TEL allows adiabatic magnetic compression of the electron beam cross section area by a factor of (a c /a e ) 2 radius a e to be several times the rms (anti)proton beam size  in the TEL, the cathode radius should be a c =5-10 mm Because of significant differences in dynamics of different Tevatron bunches [1] , the electron beam of the electron lens has to be modulated with high duty factor and characteristic on-off time of about 0.5-1 microsecond. High current density, fast modulation and requirement of smooth current density profile led to choice of the electron gun with convex cathode which allows to get higher perveance and perform current modulation by anode voltage (i.e., no grid). During experimental beam studies in the Tevatron -described in detail in [4] -several electron current profiles were found to be effective: a) rectangular distribution results in uniform tune shift dQ for all high energy particles passing through the electron beam, but has disadvantage of strong nonlinear space charge forces beyond boundaries of the electron beam; b) bell-shape (close to a Gaussian) distribution has weaker nonlinearities but smaller beam size as well, that makes it somewhat cumbersome to align it on the beam of (anti)protons; c) "smooth edge and flat top"
(SEFT) distribution that combines advantages of both previously mentioned distributions.
Correspondingly, three electron guns have been developed for the TELs. One of the most important characteristics of an electron gun is its perveance P:
where I is the beam current and U a is the anode potential with respect to the cathode. For the guns with flat or concave cathodes, current density inhomogeneity becomes large when the perveance exceeds the value of 1 -2 A/V 3/2 . In the case, where the gun has to be immersed into a strong longitudinal magnetic field, the perveance can be increased by usage of a convex cathode [11] .
The electron guns were simulated and optimised using UltraSAM code [13] Pierce type electrode ("control electrode") is installed around the cathode of the "flat" gun ( Fig.8a) for manipulation of the beam current density distribution. Control electrodes of different geometry are installed for the same purpose between cathode and anode in the "Gaussian" and around the cathode in the SEFT guns (Figs. 8b and 8c) . The control electrodes in the latter two guns are usually kept at the same potential as the cathode. Except for their high perveance, the guns are not much different from a planar cathode gun.
The beam currents follow the Child's law with a good precision (Fig.10) yielding perveances of
for the "flat-top", SEFT and "Gaussian" guns, respectively.
To prevent thermal problems at the collector, the total current and profile measurements were done in the DC regime at currents below 0.5-1 A. The gun characteristics at higher currents were investigated in a pulsed regime with the pulse width of 0.2-4 s. No significant deviation from the results of the DC measurements was found. An example of the 2D profile of the electron current distribution from the SEFT gun measured by the "pin-hole" collector is shown in Fig.11a . Current density variations are less than 10% over 90% of beam diameter. Measured and calculated one dimensional profiles of electron beams from all three guns are presented in Fig.11b . There is a good agreement between predicted and observed current densities over the most of the beam area except the very edge of the beam. applications, such as electron cooling [14] or collimation [15] . In conclusion, the current density distribution (profiles) in the TELs can be changed by employing different geometries of the gun electrodes or can be varied by voltage on the profile controlling electrodes. and about 60-70 W for the 15 mm diameter cathode used in the SEFT gun (see Table II ). For initial activation of the cathode, the power is increased by 30-50% for a short period of time until the cathode starts to generate enough current to follow the Child's law (Eq. 7) at the design cathodeanode voltages. Special care is taken in order to have sufficiently good vacuum in the gun area in order not to poison the cathode that may result in reduced cathode lifetime. With all the precautions, the cathodes of the guns installed in the TELs operate for several years without significant deterioration. If the gun is exposed to air, at high cathode temperatures the cathode is ruined (the tungsten gets oxidized, creating a layer with a high work function) and either a complicated cathode surface processing or (easier) the cathode replacement is needed.
Electron beam collector
A sketch of the electron beam collector is shown in Fig.14 , with a view of the expanding electron beam. Spreading out the beam has several advantages, one being the distribution of the heat load.
Locating the heating in one spot could melt the copper if the TEL is operated at full beam power (3-5A at 10kV). Instead, the magnetic field lines beyond the collector solenoid spread out, and the electrons, following the field lines, are absorbed by a much larger area of the copper collector.
Additionally, chilled water is piped into the collector, where it passes through ducts within the copper and extracts up to 50 kW of heat. The intake pipe is shown in Fig.14 to illustrate the setup.
Another serious concern is the production of secondary electrons whenever an energetic primary electrons impinges on the surface. The secondary electrons penetrating back into the main solenoid can adversely interact with the primary electron beam, generating a two-stream instability even if magnetized [16] . The collector is electrically isolated from the rest of the system. The electron beam current absorbed by the collector is brought back, via a floating power supply, to the cathode (this is detailed in the next section). The power supply voltage is positive and adjustable. Therefore, the electrons are born at the negative cathode potential and accelerated by the anode and the beam pipe, but as they approach the collector, they are slowed down to potential somewhat more positive than the cathode one. One of the advantages of this recuperation scheme is that the heat load generated by the incident beam is directly related to its kinetic energy with respect to the collector:
e.g. a 10 keV electron on a -6kV collector imparts only 4keV of energy. When the TEL is operated at maximum beam power, the total power deposited in the collector could be considerable, and lowering the voltage difference is very useful.
A test of the collector consists of setting its voltage to nearly that of the cathode and measuring the current that it receives. The data from this experiment is shown in Fig.15 . At zero voltage difference, only a quarter of the beam can still manage to reach the collector surface.
However, as the voltage is raised, the amount of current reaching the collector increases. As the difference approaches 1 kV, all of the current is received. Figure 15 : Measurement of the collector acceptance. As the collector voltage is adjusted with respect to the cathode voltage, the current admitted to the collector changes.
Using the data point where the maximum current is truly witnessed, the acceptance of the collector appears to be between 9.2-13.6 P. The collector has never been the limited the TEL's performance, since its voltage can always be increased if necessary. Most commonly, the collector voltage is set at about 2-5kV above the cathode voltage. Two electrodes, which have primarily been used for monitoring the beam's passage into the collector are also shown in Fig. 14. For example, the "scraper" electrode, closest to the collector, has its own current monitor, and if it reads something other than zero, the TEL beam is, at least partially, running into it. Adjusting the downstream magnetic correctors such that this signal is eliminated assures optimal performance of the TEL.
Electric circuit
case, the cathode power supply does not need to produce any current. The beam current does flow through the collector power supply, but the voltage that this supply must support can be significantly less. The anode modulator generates short positive voltage pulses but carries no DC current and simply ``kicks'' the current around the loop (see discussion in the next chapter). The electron current from the cathode is measured by a high-bandwidth, commercial current transformer encircles the wire attached to the cathode. The transformer's signal is preserved over the long Heliax cable by only grounding it upstairs where an oscilloscope measures it. This prevents ground noise to corrupt the signal. Keeping the impedance at 50 also reduces electrical coupling from other sources over the long propagation distance and reflection issues. Rise-times of 1-2 ns and currents of a few milliAmperes are visible. However, the low-frequency filament current passes through the current transformer, so the return cable was obliged to pass through it also; the two currents are always in opposition and therefore cancel. In order to house and connect the capacitors, current meters, and make additional interconnections, a high-voltage enclosure was constructed and installed next to the electron gun.
In order to confirm that the electron beam arrives at the collector without losses, another current transformer monitors the current returning from the collector to the recirculating capacitor.
A third transformer watches the scraper electrode's current since this provides the narrowest aperture and the easiest way to adjust field strengths in order to steer the beam into the collector.
The scraper feeds into the collector cable, so that the collector current should be identical (though delayed) to the cathode current. Above several hundreds of mA, the peak collector current is somewhat less than that of the cathode current due to electron pulse lengthening induced by electron's own space-charge in the beam pipe. Besides the pulses of electron beam to compensate for beam-beam effects, additional electron pulses are required in the abort gaps between the bunch trains (not shown in the picture) for the TEL to remove uncaptured DC beam particles [5] . Therefore, the system ideally should produce 39 pulses during each period of particle revolution in the Tevatron (every 21 μs). The required electron current modulation can easily be done by a gridded gun, but such a method is not acceptable for the TELs as it destroys the carefully prepared electron current density distribution generated on the cathode. Therefore, the modulation should be done by full anode voltage of 5-10kV and that results in extremely challenging requirements for the TEL gun HV modulator. The requirements have been significantly eased by following three considerations: a) the proton and antiproton beams are spatially separated by some 8-10 mm in the area where TEL is installed and it was found that electron beam centered on one of beams produces very little harm on the other one [4] -therefore, the total required electron pulse length can be as long as 800 ns (to fit between three neighbor bunches of the same kind); b) only a few (3-6) bunches of protons suffer greatly from the beambeam effects and need immediate compensation by the lenses [3] -and consequently, only few electron pulses per turn are needed; c) finally, it was found that functions of the two TELs can be separated -one of them could be used for the DC beam cleaning in the abort gaps while another can do beam-beam compensation -therefore, the need to generate simultaneously many different purpose electron pulses dropped [5] . We have developed and tested several types of high-voltage anode modulators for the TELs [17] [18] [19] [20] . The RF-tube based amplifier [17] and the Marx generator [19] are found most suitable for the electron lens operation in the Tevatron.
Electron beam modulators
The first modulator type uses the output from the anode of a grid driven tetrode. The tube anode is connected to a +10kV DC anode supply through a 1500 resistor. The modulating voltage on the anode of the tetrode is then AC-coupled through two 1000pF ceramic capacitors to the electron gun anode. This modulator has the advantage that it is not susceptible to radiation damage and can be installed directly adjacent to the Tevatron beamline. A CPI/EIMAC 4cw25000B water-cooled tetrode, with a maximum plate dissipation of 25kW, is used in this modulator. Its anode voltage is supplied by a Hipotronics 10kV,16A, dc power supply. An additional LC filter (1.5H, 20F) was added to the output of the Hipotronics supply to reduce ripple to less that 1 part in 10,000. The anode supply is connected to the tetrode through a 1500, 250kW, water cooled resistor (Altronic Research). The grid of the tetrode is driven by the IGBT pulser. For compensating a single bunch of protons or antiprotons, the tube is typically operated with a screen voltage of 500V and a DC grid voltage of 0V. The tetrode's grid is then pulsed with a negative voltage pulse from the IGBT pulser, reducing the current flow through the tetrode. The positive pulse appearing on the anode is then coupled, using two 1000pF ceramic capacitors in parallel, through a short (0.6m) section of 50, RG213 cable to the anode of the electron gun.
Since the gun anode must be charged through the 1500 resistor, the risetime is limited by the sum of the tetrode's anode-screen capacitance (35pF), the capacitance of the cable connecting the modulator to the gun (60 pF), and the gun anode to ground capacitance (60pF). A typical rise-and fall-times are ~300 ns and total output pulse duration from such a modulator is 800-1200 ns [17] . A pulse to pulse amplitude stability of 0.02% was achieved by applying a feed-forward compensation signal to the grid of the tetrode to reduce ripple on the modulator output at power line frequencies. A major design issue in the system has been the excessive switching losses in the IGBT's while running at a ~50 kHz rep rate. The device is air-cooled, and the system has run into thermal problems that have limited it to operating at less than 6 kV at the nominal rep rate. The Marx generator was designed to drive approximately 60 pF, so it must be mounted in close proximity to the gun anode terminal to avoid the extra capacitance of a long connecting cable (see Fig.18 ).
TEL2 is located in the Tevatron tunnel, a few yards downstream from the collider beam dump. This is arguably the worst location in the tunnel for solid-state equipment that is not radiation-hardened. The Marx generator stopped functioning in less than a week of Tevatron operation, and we found it to be Class I radioactive when we removed it from the tunnel. However, after cooling down for a few days, it started operating again. We reinstalled it behind two feet of steel shielding, and it functioned for several weeks before failing. We added four more feet of shielding, and the unit has been operating continuously for almost a year. Currently, we are developing a second-generation Marx generator with water-cooled IGBT's with 12 different voltage levels (during one cycle, train) which will be able to work at higher voltages at the 50 kHz rep rate and a solid-state modulator based on summed pulse transformer scheme to generate similar waveforms, but at a rate of 150 kHz [20] (all bunch compensation).
Beam pipes, diagnostics, other subsystems
The installed to achieve the necessary in-situ baking temperature after the assembly and installation.
Three 75 l/s ion pumps and a TSP are installed to maintain the ultra high vacuum in the system.
The TEL vacuum under working conditions ranges from 8e-10 to 3e-9 Torr that is comparable with the gas pressure in the nearby sections of the Tevatron. The vacuum valves at both ends ensure that the system can be separated from the Tevatron vacuum to perform maintenance if needed. These and the elbow electrodes were installed to assist with initial TEL commissioning. If the electron beam failed to pass through the solenoids and into the collector, observing which electrodes were absorbing the electron current would indicate how to correct the guiding fields.
Fortunately, the electron beam had little difficulty propagating completely into the collector, and the utility of these electrodes diminished quickly.
Next to the holy electrodes in The average position of any beam charge can be calculated as:
where x is the transverse distance of the beam from the center of the beam pipe, V A,B are the measured voltages on the two plates, and k=33.6 mm is a constant empirically determined from calibration measurements. To reduce the noise, each V i is calculated as the total integral of the bunch's charge profile, which in turn is the integral of the doublet current signal as charge is first pulled onto the electrode, then returned, as the bunch passes by [22] . The BPM pickups installed in the TEL-1 are diagonal cut cylinder type which have shown an exceptional linearity. However, an unacceptably large 1-1.5 mm discrepancy has been observed in the reported positions of 10 ns short proton or antiproton bunches and ~1 s long electron pulse [9] . The major sources of the offset are though to be the capacitance between the two plates, different stray capacitances to ground and the cross-talking between pair of electrodes which lead to significant difference of the BPM impedances for electron beam and proton beam signals, since for proton-like signal the main frequency component is about 53MHz while for electron beam the main frequency component is less than 2MHz.
Correspondingly, the following electron lens, TEL-2, has been equipped by a new type of the BPMs with four plates separated by grounded strips (to reduce plate-to-plate cross-talk).
Together with new signal processing algorithm which uses 5-20 MHz band-pass filtering for both electron and proton signals convoluted with Hanning window, the frequency dependent offset has been reduced to an acceptable level of less than 0.2 mm [23, 24] .
In order to reduce the noise in the system, a special attention has been placed on the cabling from the pick-up plates all the way to the oscilloscope. Fifty-ohm coaxial in vacuum cable is attached to each BPM plate, drawn through coaxial feedthroughs in the vacuum vessel, brought out of the Tevatron tunnel, and into the BPM electrical apparatus. While the outer conductor is grounded at several places along the route (such as the vacuum feedthrough and the signal switcher) reasonable preservation of the signals has been observed. A very important part of the TEL operation are the diagnostics of the Tevatron bunches themselves. Monitoring of the position, intensity, losses, emittances, betatron tunes, chromaticities of high energy bunches provides extremely useful information which allows optimal tune-up of the TELs. A summary of the Tevatron beam diagnostics can be found in [25] . As the TEL electron pulse can be timed on an individual bunch, the Tevatron diagnostics instruments need to be able to work on bunch-by-bunch basis. Not all instruments can do that yet and new ones are being developed [26] .
Conclusions
We have developed electron lenses -a novel type of instrument for modern accelerators.
They employ space-charge forces of low energy electron beam that produce very significant and useful effects on high-energy beams ( Fig.23 illustrates a Versatility of the electron lenses allows to use them for many other purposes, too. For example, TEL-1 was used for removing unwanted DC beam particles out of the Tevatron abort gaps. [5] . On several occasions, the TEL was used for elimination of improperly loaded bunches of protons and/or antiprotons and as part of tune measurement system [27] . There are proposals to use electron lenses for space-charge compensation in high intensity proton synchrotrons [28] , for reduction of a tune-spread in colliding beams [29] and beam collimation in the LHC [30] .
In this article we have described main elements of the Tevatron electron lenses -magnets, electron guns, collector, electron beam modulators, vacuum system and diagnostics, etc. Depending on the application of the electron lens, these elements can be modified for the purposes other than compensation of beam-beam effects. 
